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DESIGN INTEGRATION AND NOISE STUDIES
FOR JET STOL AIRCRAFT
Volume IV—Wind Tunnel Test Program

By T. Wang, F. Wright, and A. Mahal

1.0 SUMMARY

The aerodynamic characteristics of four augmentor wing configurations were evaluated
by two-dimensional wind tunnel tests in the 3- by 8-ft Boeing low-speed research tunnel. The
purpose is to develop an augmentor wing configuration having a low noise level and good
aerodynamic performance during takeoff and landing. Configurations with multielement
nozzles, having lower noise and better propulsive characteristics than slot nozzle augmentors,
have been developed on the static test rig (see vol. III). These configurations were further
developed in the wind tunnel and their performance compared with that of the slot nozzle
augmentor flap derived from NASA/DHC design.

The wind tunnel study showed that the multilobe nozzle augmentor flap configuration
possesses aerodynamic characteristics comparable to those of the slot nozzle augmentor.
Tests at various airspeeds showed that the thrust augmentation properties of an augmentor
wing are partially offset by ram drag. In contrast to a plain jet flap, the force coefficients of
an augmentor flap cannot be correlated by the nozzle thrust coefficient alone.

The models, having a 16-in. chord and 3-ft span, were tested over ranges of airspeed
varying from O to 115 kn, primary nozzle to ambient pressure ratio varying from 1.0 to 3.8,
and flap deflection varying from 30° to 70°% The results presented are based on the three-

component balance measurements, model surface pressures and augmentor exit total pressure
data, and measurements related to blowing and air stream parameters.

1.1 CONFIGURATIONS
The principal features of the four augmentor wing configurations are listed below.

Flap Chord/ Flap Area/

Configuration Type of Primary Nozzle Wing Chord  Nozzle Exit Area
NASA wing section Continuous slot 0.35 100
Scaled NASA section Continuous slot 0.27 50
Lobe nozzle augmentor Multilobe 0.27 57
Tube nozzle augmentor Multitube 0.27 50

The two augmentors with slot nozzles are shown in figure 1. The NASA wing section
represents a streamwise section of the NASA Ames swept-wing STOL model (ref. 1). As a
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result of sizing studies presented in volume II, the NASA augmentor flap segments werc
scaled down to give a 0.27 flap chord and the slot height increased to provide the desired
thrust per wing area.

The two augmentors with different multielement nozzles used the same tlap segments.
The geometry of the lobe and tube nozzles is shown in figure 2 and that of the flap segments
in figure 3. The internal contours of the augmentor flap assembly were developed from static
rig tests described in volume 1. The external contours were designed using a semiempirical
method developed in task I and reported in reference 2.

Leading edge geometry is illustrated in figure 1. The 0.15 ¢ leading edge slat was used
only on the NASA wing section. The other three configurations incorporated the 0.11 ¢ lead-
ing edge flap designed at Boeing for use with leading edge blowing boundary layer control.

For each augmentor configuration, geometry variations to improve the aerodynamic
performance were carried out by repositioning model parts at every flap angle. The extent of
this process varied from one configuration to another. The effects of the following changes
were studied to cvaluate configuration sensitivity:

Flap chord and augmentor mixing length

Shroud position

Intake door angle

Flap coanda position

Diffuser angle

Throat area

Lobe nozzle sealing to reduce ventilation (see fig. 3)
Wing leading edge geometry

Wing leading edge boundary layer control (BLC)

1.2 TEST PROGRAM

The wind tunnel tests were accomplished in three separate periods:

Test Period Test Objective
Junc 1 to To evaluate the acrodynamic characteristics of the two
July 20, 1971 slot nozzle augmentors
January 18 to To evaluate the effects of airspeed on the acrodynamic
January 28, 1972 performance of the slot nozzle augmentor at 30° flap angle
February 5 to To evaluate the aerodynamic characteristics of the two
March 3, 1972 multiclement nozzle augmentors

The test procedure was to carry out gecometry optimization and then select the best con-
figuration on the basis of static and q = 20 psf force data at a nominal design thrust level
(nozzle pressure ratio (NPR) of 2.5 to 2.8). For this configuration, a complete series of con-
stant nozzle pressure ratio and varying angle-of-attack runs was then made. This procedure
was repeated for all flap angles tested, except in the case of the NASA wing scction.




1.3 TEST RESULTS
1.3.1 Aerodynamic Characteristics

The aerodynamic performance of an augmentor wing depends strongly upon avoiding
flow separation from the shroud upper surface. Shroud flow separation tends to increase with
flap deflection, angle of attack, and reduction of nozzle thrust coefficient. It has also been
found to depend upon intake door angle and shroud and flap position. In general, at 8¢ = 30°
and 50°complete flow attachment was achieved at the C;’s of interest, but this was not the
case at 8¢ = 70° The best data obtained for 6¢ = 70° were with a low shroud position, as
shown in figure 3. Representative force and pitching moment data at a thrust coefficient, C;,
of 1.16 are shown in figure 4 for the scaled NASA section and optimum geometry at each
flap deflection. The variation of force data with C; is summarized in figure 5. The shapes of
the C; vs C; curves indicate that the C; required for flow attachment is considerably higher
than in the case of a plain jet flap (sometimes known as a blown flap or jet augmented flap).
The thrust effectiveness* represented by the variation of Cy with C; at a constant C are
about 1.1 for 6¢ = 30°and 50°. The data points at C; = 1.8 in figure S correspond to an NPR =
3.5. At that condition, performance was degraded noticeably by the change in flaps-off jet
path, which would require a change in flap (coanda) position.

The sensitivity of performance to the flap position relative to the jet path was exten-
sively demonstrated by the results presented in this report. The failure to achieve a reasonable
performance level with the NASA wing section, particularly at high flap angles, is attributed
to the nonoptimum flap position. The results for the two slot nozzles augmentors are com-
pared in figure 6, which clearly illustrates the performance degradation of the NASA wing
section at &7 > 40°. This configuration was repositioned at o= 50° and substantial improve-
ments are shown.

For every configuration tested at forward speed, the static reaction was also measured to
determine the static thrust augmentation ratio. The significance of this quantity is illustrated
by its relationship to aerodynamic performance. In general, increases in static thrust augmen-
tation are manifested in streamwise force data at low flap angles. This is evident in figure 7,
where variations of Cy at constant C; with ¢ are shown for 6 = 30°and 50° The variation of
¢ for the configurations having the same §¢ is generally due to small differences in throat
area, diffuser angle, or flap position. The drag polars, not shown in the figure, are well
behaved and do not cross except near stall. The change in streamwise force coefficient at a
constant Cj represents a shift in the drag polar. Similar relationships between Cy and ¢ can-
not be established at 6p = 70°.

*Thrust effectiveness is defined as the rate of change in streamwise force coefficient with
primary nozzle thrust coefficient acX/acj. It includes both thrust recovery and thrust
augmentation.



The above findings from slot nozzle augmentor tests are cqually valid for multielement
nozzle augmentors. The aerodynamic performance of the lobe nozzle augmentor was com-
pared with that of the tube nozzle augmentor at 8¢ = 50°only. The differences are gencrally
small. Since the lobe nozzle augmentor had significantly lower noise level than the tube noz-
zle augmentor (see vol. I11), the former was extensively developed in the wind tunnel test.

The variation of force coefficients with C; is shown in figure 8 for the lobe nozzle aug-
mentor. The trends are similar to those shown in figure 5 for the slot nozzle augmentor. A
significant improvement was found at 8¢ = 70° when the nozzle ventilation from the lower
side was reduced by sealing tape (see fig. 3). Tufts observation indicated that taping improved
the flow over the nozzle boattail and the intake door at &= 70° Taping was not tried at &=
50° but at ﬁf = 30°%it resulted in a small lift increment accompanied by a thrust decrement.
The effects of taping on the force coefficients are also illustrated in figure 8.

The aerodynamic performance of the lobe nozzle augmentor compared quite favorably
with that of the slot nozzle augmentor at 8¢ = 30°and 70° but was inferior at 6¢ = 50°. How-
ever, the difference at 8¢ = 50%is expected to become insignificant if nozzle ventilation is
restricted. Since nozzle ventilation effects have only been briefly explored, further study is
highly recommended in view of their demonstrated effect on aecrodynamic performance and
potential effect on noise properties.

The effect of leading edge blowing BLC on the acrodynamic performance of an aug-
mentor wing was investigated. The primary effect was to delay stalling and increase maximum
lift, as expected. The rate of recovery of the blowing momentum as thrust was generally less
than 0.6%. Compared to a thrust effcctivencss, |3CX/ aC; | of 1.2 for the augmentor pri-
mary thrust, leading edge blowing is not an efficient means for thrust augmentation.

1.3.2 Effect of Airspeed Variation

The approach taken to evaluate the thrust augmentation characteristics of an augmentor
wing as a function of forward speed is to use the forward speed characteristics of a plain jet
flap as the base. The plain jet flap is chosen because its characteristics are well understood,
and considerable experience has accumulated in applying wind tunnel data to predict airplane
performance. The difference in the forward speed effects for the two configurations forms the
basis for modifying the established method used for jet flap airplanes so that it applies to
augmentor wing airplancs.

The data addressed to the airspeed effects were taken primarily on typical takeoff con-
figurations, 8¢ = 30° for two reasons: (1) the effect of airspeed on the streamwise force is
particularty important during takcoff and (2) the shroud upper surface is relatively free of
flow separation.

The configurations included two scaled NASA slot nozzle augmentors with different
throat arcas, onc lobe nozzle augmentor, and one jet flap with slot nozzie. All three configu-
rations have a 0.27 ¢ flap chord.

The results showed that the drag polars at a given C; are essentially independent of air-
speed for the jet flap but not for the augmentor flaps. Typically, the variations of Cy with




airspeed at Cj = 0.8 and C; = 4 are illustrated in figure 9 for the jet flap and the three aug-
mentor flap configurations. While Cy is essentially constant for the jet flap, it varied sub-
stantially with airspeed for the augmentors. However, note that the Cy for the augmentors is
more negative (more thrust) than that of the plain jet flap. For each augmentor, a minimum
drag occurred at some airspeed between 60 and 80 kn. The variation of Cy, though not the
level, is reasonably well approximated by the sum of ram drag and augmented thrust, 2C, -
¢ C;, shown in the same figure. The differences between Cy and 2C, - ¢ C; are reasonably
(wi%hin +0.01) independent of airspeed, which allows one to predict the performance at vari-
ous airspeeds based on data taken at static and one forward speed condition.

The fact that static thrust augmentation and entrainment can be used to correlate for-
ward speed data suggests that the ejector internal flow is little affected by airspeed. Both
static pressure distribution and augmentor exit total pressure data support this hypothesis.

At a given primary nozzle thrust, the drag increase with forward speed at either constant
a or constant C| was more rapid with the augmentor than with the jet flap. The source of the
additional drag experienced by the augmentor has been identified through an analysis of
static pressure distribution. Pressure drag of the intake and the shroud was the major
contributor.
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2.0 INTRODUCTION

The aerodynamic development of the augmentor wing concept has been pursued by
NASA and the de Havilland Aircraft of Canada, Ltd. (DHC) for a number of years. Recent
emphasis on low noise levels for commercial STOL aircraft has focused attention on the fact
that the augmentor wing has all the characteristics of an excellent ejector-type noise suppres-
sor. The present program was initiated to develop, through analysis, design, static rig testing,
wind tunnel testing, and design integration studies, an augmentor wing for a jet STOL trans-
port aircraft having maximum propulsion and aerodynamic performance with minimum
noise. This program consists of three basic elements:

1) System design and evaluation studies that were conducted to integrate the test
results with the airplane design and reported in volume II.

2)  Static rig tests to evaluate the noise and propulsion characteristics of various nozzle
and flap configurations. The results are reported in volume II1.

3) Two-dimensional wind tunnel tests to evaluate the aerodynamic performance of
existing and new augmentor flap designs.

Previous experimental investigations were limited to quasi-two-dimensional (refs. 5 and
8) and three-dimensional (refs. 1, 6, and 7) wind tunnel tests of augmentor wing configura-
tions with slot nozzles. The latest of these tests was conducted in the NASA Ames 40- by
80-ft wind tunnel with a swept wing airplane model (ref. 1). The results of this test formed
the basis for the present system design studies. While the augmentor wing with slot nozzle
demonstrated adequate aerodynamic performance, it would not meet the noise requirements
for commercial STOL airplanes. New configurations with multielement nozzles were designed
using a potential flow method described in reference 2 and developed during static rig tests.
These configurations and those developed by NASA and DHC with slot nozzles were tested
two dimensionally in the Boeing 3- by 8-ft wind tunnel. The effects of airspeed, nozzle
thrust, leading edge flap geometry and blowing BLC, and variations in position and orienta-
tion of the augmentor flap elements were evaluated. The results are reported in this volume.



3.0 SYMBOLS AND ABBREVIATIONS

BLC boundary layer control

BRWT Boeing research wind tunnel

b span, ft

Cu blowing momentum coefficient
Cp drag coefficient, D/qS

Cq sectional (local) drag coefficient

momentum or thrust coefficient, ¢; = measured nozzle static thrust X~ atq # O; all
G, Cy J qS watq=0
quantities measured at the same NPR

Cp lift coefficient (L/qS)
G sectional (local) lift coefficient
Cin pitching moment coefficient, M/qSc
Mg 35 ¢ pitching moment coefficient about quarter chord
Cp pressure coefficient, (P - B)/q
Cq mass flow coefficient, \5v/g P VoS
Cy nozzle velocity coefficient
Cx streamwise force coefficient
G reference centerline
c wing (flaps up) chord, in.
c mean aerodynamic reference chord, in.
DHC de Havilland Aircraft of Canada
F engine thrust or augmentor primary nozzle thrust
FR resultant force, 1b

g gravitational constant, ft/scc2




Moo

NPR

STOL

Voo

WCP

equivalent slot nozzle exit height, in.
nozzle height, in.

total lift (L = CyqS), 1b

leading edge

augmentor exit height, in. (see fig. 17)
augmentor throat height, in.

flap positioning dimension, in. (see fig. 17)
Mach number or pitching moment
jet Mach number

freestream Mach number

nozzle pressure ratio

static pressure

atmospheric pressure, psf

dynamic pressure, psf

Reynolds number

wing reference area,

short takeoff and landing

thrust, Ib

freestream velocity

airplane or reference weight, 1b

wing chord plane

air weight flow, Ib/sec

axial distance (downstream), in.

spanwise coordinate, in.

17
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Subscripts:
A, airpl

f

E

LE

max
min

SeC

vertical coordinate, in.

flap positioning dimension, in, (see fig. 17)

wing angle of attack, deg

finite change in some parameter

control surface deflection, deg

flap deflection angle with respect to the wing chord plane, deg
flaps off primary jet deflection angle with respect to wing-chord plane, deg
reference angle (diffuser or intake door), deg

augmentor diffuser angle, deg

intake door reference angle, deg

skew factor of velocity profile

density, lb-secz/ft4

measured resultant force, flaps on
measured resultant force, flaps off

static augmentation ratio,

airplane

flap

equivalent, effective
leading edge

jet

maximum

minimum

sccondary




pri

ambient, undisturbed condition
primary
shroud

wing
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4.0 TEST PROGRAM AND RESULTS

4.1 TEST PROGRAM
4.1.1 Facility and Installation

The test was conducted in the 3- by 8-ft test section of the Bocing low-speed rescarch
tunnel. The wing model, with 16-in. chord and 36-in. span. was mounted between two circu-
lar end plates of 3-ft diameter. These end plates werc made completely flush to the sidewalls,
free to rotate for angle-of-attack change, and mounted on the three-component balance ped-
estal. To ensure two-dimensional flow over the model, blowing houndary layer control was
provided on sidewalls and end plates. Figurc 10 shows the test section with model installed.
The locations of BLC nozzles are indicated in figure 11.

4.1.2 Models

Four configurations of augmentor flap nozzles were tested. Two were slot nozzles used
as a baseline, and two were multielement configurations developed on the static rig (vol. 111)
as optimum designs from the standpoint of noise and thrust augmentation. The four configu-
rations were tested with the same midchord model section, but different combinations of
leading and trailing edge sections.

The two augmentors with slot nozzles are shown in figure | 2. The NASA wing section
represents a streamwise section of the Ames swept-wing STOL model (ref. 1). As a result of
sizing studies presented in volume Il, the NASA section augmentor flap segments were scaled
down to give a 0.27 ¢ flap chord and increased slot height to give the desired thrust per wing
arca.

The two multielement nozzle augmentor flap systems (fig. 13), one of which had tube
(circular) nozzles and the other lobe (rectangular) nozzles, were sized to meet the nominal
criteria of the scaled NASA scction (0.27 ¢ flap chord and Cg/hg = 50). Because of the diffi-
culty of manufacturing the small nozzles to close tolerances, the nozzle areas were smaller
than nominal. Cf/hN (or C¢/hg, using equivalent nozzle height) thus become 52 for the tube
nozzles and 57 for the lobe nozzles. The value noted on the data plots, however, is the nomi-
nal value, Cf/hE = 50. The nozzles were built with a jet turning angle of 30° which previous
tests showed to be more efficient for large flap deflections. The array arca ratio (AAR) is the
ratio of the enclosed area of the nozzle array to the nozzle arca. The design AAR is 8, but
because the manufactured nozzles were smaller than design, the AAR became 8.2 for the
tube nozzles and about 9 for the lobe nozzles. The two nozzle arrangements are shown in
figure 14. The internal contours of the augmentor flap assembly were developed from static
rig tests described in volume 111, The external contours were designed using a semicmpirical
method developed in task 1 and reported in reference 2.

Leading edge geometry is illustrated in figures 12 and 13. The 0.15 ¢ leading edge slat
was used only on the NASA wing section. The other three configurations incorporated the
0.11 ¢ leading edge flap designed at Bocing for use with leading edge blowing boundary layer
control. With the 0.11 ¢ flap, a convergent, continuous slot (hy = 0.010 in.) nozzle was incor-
porated for blowing nearly tangentially to the surface at the leading edge of the cruise airtoil,




4.1.3 Test Procedure

The test procedure was to carry out geometry optimization and then select the best con-
figuration on the basis of static and q = 20 psf force data at a nominal design thrust level
(NPR = 2.5 to 2.8). For the best configuration, a complete series of constant nozzle pressure
ratio and varying angle-of-attack runs was then made. This procedure was repeated for every
flap angle, except in the case of the NASA wing section.

Generally, nozzles were calibrated at the beginning and end of each augmentor wing
test. The calibration included thrust and mass flow measurement at various nozzle plenum
pressures. Spanwise uniformity of slot nozzle jet flow was checked by using a pitot probe
traversed along the nozzle exit.

To examine flow separation over the shroud and at the intersection of the wing and end
plate, tufts were attached at all interesting locations. The blowing rate of BLC at the inter-
section of wing and end plate required for two-dimensional flow was determined by observa-
tion of the tufts. Because three to four BLC nozzles were installed on each end plate, careful
adjustment was required to obtain the best combination of nozzles pressures.

4.1.4 Test Data

The force and moment data were corrected for weight tares, airline tares, turntable BLC
thrust, and solid blockage. Jet boundary corrections and jet blockage corrections were not
applied. Standard two-dimensional wind tunnel wall corrections (vol. III), excluding wake
blockage, were used. Test section dynamic pressure was corrected for front wall blowing.

Lift, drag, and pitching moment data were recorded using an external strain-gage balance
located below the test section. The static calibrations of the force balance demonstrated
repeatability of +0.25% of the maximum model loads.

The majority of the wind-on data were obtained at a tunnel dynamic pressure of 20 psf
with a corresponding Reynolds number, based on a chord of 16in., of 1.1 x 106. The
moment reference point is the 0.25 chord point of the wing reference chord. The basic force
and moment data include both direct and induced thrust effects. All the data presented,
except where noted, are without leading edge blowing.

The near-stall region of the two-dimensional augmentor wing model was characterized
by flow unsteadiness and intermittent flow separation and reattachment. Consequently, it
was difficult to obtain valid recorded balance data at the stall point. Balance data were
recorded as close to stall as possible, and then continuous online plotter traces of the stall
were made. Hence, the maximum lift coefficients presented have a degree of uncertainty
associated with them, but it is thought to be small.

A high degree of flow two dimensionality was achieved with carefully tailored wall and
end plate blowing BLC. Figure 15 shows a photograph of typical surface flow pattern devel-
oped with china clay on the repositioned NASA wing section. The test condition is for C;
~ 1.5, a=-10° 6= 50° and a C} = 6.3. Lines of flow separation are evident near the trail-
ing edges of the leading edge slat and augmentor intake and the primary nozzle boattail area.
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These lines are remarkably straight and parallel to the spanwise axis. A chordwise strip at 1/4
span was free of china clay to prevent clogging of static orifices. The effect of end plate blow-
ing appears to be confined to 1 to 2 in. from the end plate.

A comparison of static thrust augmentation between a static rig model and a wind tun-
nel model* is shown in figure 16. The wind tunnel model is one-fifth the size of the static rig
model. The static thrust augmentation ratio for the optimized configurations in the two test
setups generally agreed well, but the positioning of the two “optimum’ configurations, par-
ticularly the flap segments relative to the nozzle lip, was quite different. Similar comparisons
cannot be made for configurations with multilobe nozzles, since there were several differ-
ences in lobe geometry of the two models.

4.2 AERODYNAMIC EVALUATION PARAMETERS
4.2.1 Geometry

Experience has shown that the aerodynamic performance of an augmentor flap is closcly
related to its static thrust augmentation characteristics. At static condition, the deflected
augmentor flap may be considered a curved ejector. Therefore, it is not surprising that the
results from the static test rig (vol. 111) have shown that the static thrust augmentation ratio is
a function of all the gcometric parameters which govern the entrainment and mixing of the
ejector flow. These parameters include:

e  Throat area ratio (Ip/hp)

e  Mixing length (Cf/hE)

e  Diffuser angle

® Inlet geometry

e  Location of primary nozzle exit

®  Primary nozzle geometry

In addition to these parameters, the efficiency of a curved ejector depends upon the proper
location of shroud surfaces relative to the primary jet. An empirical method has been developed
by DHC (ref. 4) for the slot nozzle augmentors to predict a near-optimum position as a function
of flaps-off jet path, flap coanda radius, and the desired jet deflection. The coanda surface loca-
tion is characterized by 15 and Z, defined in figure 17.

*The wind tunnel model data were not generated under the present contract. The augmentor
flap scgments shown have the same internal contour as flap A referred to in volume 111 of this
report.




4.2.2 Thrust Coefficient and Augmentation Ratio

Thrust augmentation can only be identified at static condition. The static thrust aug-
mentation ratio, ¢, is defined as the measured resultant force of the augmentor wing divided
by the measured resultant force with the flap system removed.

The significance of ¢ is illustrated by its relationship to aerodynamic performance. In
general, increases in static thrust augmentation are manifested in streamwise force data at low
flap angles. This is evident in figure 18, where variations of Cy at constant C| with ¢ are
shown for §¢ = 30°and 50° The variation of ¢ for the configurations having the same & is
generally due to small differences in throat area, diffuser angle, or flap position. The drag
polars, not shown in the figure, are well behaved and do not cross except near stall. The
change in streamwise force coefficient at a constant C; represents a shift in the drag polar.
Similar relationships between Cy and ¢ cannot be established at Bf =70°

The thrust coefficient, C; is a primary parameter for correlating performance of powered
lift systems. It is based on staf]ic calibration data of the primary nozzle without the flap sys-
tem, and adjusted by the ratio of actual primary nozzle flow rate at forward speed to the cali-
bration flow rate.

4.2.3 Lift and Streamwise Force Coefficients

The critical periods involving high noise levels occur during takeoff and landing. The
performance of the various augmentor configurations was compared under conditions corre-
sponding to the local wing lift coefficient, C}, and flap momentum coefficient, Cj, expected
during these conditions.

For the takeoff flap deflection, 6¢ = 30°, the streamwise force coefficient, Cx was gener-
ally evaluated at a constant C; of 3.5. This local C| was estimated from the following repre-
sentative airplane takeoff conditions:

\% =90 kn
w/S = 88 Ib/ft2
Cj/Cy  =0.28

The local coefficient was estimated as follows:

llocal

X =32x1.1=35
airpl = Cp

=C
lloc:al L .
airpl

Furthermore, the equivalent two-dimensional Cj is estimated to be:

C. =C X thrust through flap . flapped wing areas
2D J airpl total fan thrust total wing area

=09x0.85+0.72=1.006
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The effects of configuration changes on C| were evaluated at constant . An angle of -2°
was selected as representing the wing local angle of attack at the selected takeoff condition.
These conditions are illustrated with representative two-dimensional data in figure 19.

For reasons similar to those given for the takeoff case, the higher flap deflections (6¢ =
40°, 50° and 70° were evaluated at conditions corresponding to the airplane on approach.
The streamwise force coefficient, Cy, was evaluated at a constant C; of 5.0 and the C; data
were evaluated at a constant o of -2°. These criteria were derived from a representative air-
plane approach condition where:

V.  =76kn

W/S = 85 Ib/ft2

The equivalent two-dimensional Ci is estimated as:

C. -C X thrust through flap . wing area flapped
12.D Jairpl total fan thrust ° total wing area
_ 0.85 _
=0.55 X077 0.65
The sectional lift is given by:
I
local
1 =CL XC_—=45X11250
local airpl Lairpl

These conditions are illustrated with representative two-dimensional data in figure 20. It
should be noted that the large negative values of Cy are due to the absence of induced drag.

Since the configuration changes in most cases show effects on lift and drag that vary
with lift level due to shroud flow separation at high flap deflection, drag polars and C; vs «
curves are instructive. These data are generally shown for an NPR of about 2.5, as indicated

by the system design studies. However, some variation was necessary to offset minor differ-
ences in nozzle area.

Although the various configurations are evaluated on the above criteria, the variation of
maximum lift coefficient, Cj .y, is considered important. Where primary nozzle or aug-
mentor configuration has a significant cffect on the wing upper surface pressure distribution,
Cligx may be expected to vary. Variations of €y, . have been evaluated both with respect
to configuration changes and Cj changes.




4.3 SLOT NOZZLE AUGMENTOR FLAP CONFIGURATION TEST RESULTS
4.3.1 Principal Results
4.3.1.1 NASA Wing Section

Flaps-off nozzle calibration results are shown in figure 21. The nozzle losses are about
4%, and remained fairly constant with NPR. The jet deflected 11° down from the wing chord
plane at NPR less than 3.0. It then increased with NPR and reached about 16°at an NPR of
3.5. This change has a significant effect on both static thrust augmentation and aerodynamic
data, since it alters the effective coanda position.

This augmentor wing model was tested with four flap deflections (30° 40° 50° and 70°)
by rotating the augmentor flap assembly about a fixed pivot as in the NASA-Ames model.
The intake door angle was set according to NASA test results (ref. 1). These configurations
are referred to as the baseline configurations. Typical aerodynamic data at a C; of 0.77 are
shown in figure 22. Variations of Clmax € at a= -2° and Cy at constant Cl, with C;, are
shown in figure 23. The performance of the baseline configuration at 6¢ = 50°and 7d° was
inferior to that at 6f = 40° Similar trends are seen in the static augmentation data shown in
figure 24.

Comparing the actual coanda position with the recommended position based on DHC
experience (ref. 4), it became obvious that the flap coanda surface was about 0.05 in. too low
at the high flap deflections (50°and 70°) and about 0.1 in. too high at 6¢= 30° Because of
the time limitation, a partial geometry optimization process was carried out at &¢ = 50°%only.
The final setting, known as the repositioned configuration, incorporated a number of changes
as illustrated in figure 25. Large improvements were obtained at both static and forward
speed conditions, as shown in figures 22 through 24.

Because of turning loss, the static thrust augmentation is expected to decrease with
increasing §¢. The fact that ¢ values for the repositioned configuration at & = 50°exceeded
those for the baseline configuration at 6f = 30°and 40° indicates the improvement potential
at these lower angles. The values of ¢ for the repositioned configuration compared well with
results published in reference 5 for a similar configuration.

The performance of the NASA wing section and the scaled NASA section are compared
and discussed in section 4.3.2.

4.3.1.2 Scaled NASA Section

Flaps-off nozzle calibration results are shown in figure 26. The flow characteristics for
this nozzle are similar to those shown in figure 21 for a narrower slot nozzle. The losses for
the wider nozzle are about 3%, compared to 4% for the narrower nozzle. The jet deflection
was 16°up to an NPR of 3.0 and increased to 25°at NPR = 3.5.

At each of the flap angles, 30°, 50°, and 70°, the model parts were repositioned to find

the best configuration. For the final configurations, data at Cj = 1.16 are shown in figure 27
and variations of Cl,,, Cjat a = -2° and Cx at constant C), with Cj are shown in figure 28.
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At é¢= 70° the entire optimization process was devoted to minimizing flow separation over
the shroud. Lowering the shroud as shown in figure 29 proved to be the only effective way.
Thus, the results presented for 8¢ = 70°are generally for the low shroud position. The effect
of shroud position is discussed in section 4.3.2.

A unique characteristic of the augmentor flap is the fact that the increase in measured
upstream force on the model can exceed the increase in primary nozzle thrust. This is appar-
ent in figure 28, where the |aCX/aleslopes, for 8¢ = 30°and 50°are about 1.2.

The Cj required for flow attachment was determined on the basis of tuft observation. At
op= 50° the value is about 0.55, roughly six times that required for a typical plain blown
flap. With the flow fully attached, the lift levels arc in rcasonable agreement with theoretical
values (ref. 2).

The static thrust augmentation data of the scaled NASA section are presented in figure
30. At all three flap deflections, ¢ decreased with increasing NPR. The rate of change
increascd between NPR of 3.0 and 3.5 because of the change in flaps-oft jet deflection.
Values of ¢ for 8¢ = 30°and 50° were similar; a value of 1.28 was achieved at NPR = 2.5. This
is about 0.09 less than the corresponding value for the repositioned NASA wing section. The
difference in ¢ resulting from the difference in the mixing length parameter, Cf/hN, agrees
well with ejector theory prediction.

4.3.2 Configuration Sensitivity Studies

The more significant effects of the geometric parameters introduced in section 4.2 arc
discussed in this section. Most of the data presented in this section were taken during the
geometry optimization process.

4.3.2.1 Flap Chord and Mixing Length Ratios

Force data of the two slot nozzle augmentor flap configurations are compared in figures
31, 32, and 33. The two configurations differ in leading edge geometry and the flap chord
and mixing length ratios, Cf/c and Cf/hN. Results discussed in section 4.3.2.6 showed that
the difference in leading edge geometry affected only Cj,,,, s0 that the differences in Cy at
constant Cy and Cj at a= -2°may be attributed to the effects of flap chord and mixing length
ratio. A lift increment is expected for an increase in flap chord ratio, and an upstream force
increment is expected with an increase in mixing length if it improves static thrust augmenta-
tion. The comparison in figures 31 through 33 showed that at 8¢ = 30°the NASA wing scc-
tion performed slightly better than the scaled NASA section, but at 50°even the repositioned
configuration did not perform as well. Moreover, the relationship between ¢ and Cy at con-
stant C} discussed in section 4.2.2 doces not hold in this comparison. These discrepancics have
not been adequately explained from the available data. It is generally felt that the character-
istics of the NASA wing section have not been adequately explored by extensive gcometry
optimization. However, this is not the objective of this study. The reason for testing the
NASA wing section was to relate the performance of other configurations to this onc, which
was used in the large-scale three-dimensional wind tunnel test (ref. 1) and provided acro-
dynamic data used in the system integration studies. The emphasis in this study was to
develop new configurations that meet the requirements derived from system design studics
(vol. ID).




The comparisons discussed above suggest that the wing sectional performance of the
Ames phase VI model (ref. 1) was probably inferior to the performance of the scaled NASA
section at flap angles above 50°and superior at angles below 50°.

4.3.2.2 Augmentor Shroud Position

The effect of shroud position on the force data is shown in figure 34 for 6¢ = 70°and
50° Lowering the shroud produced a large performance improvement at 6¢ = 70° but a slight
degradation at &¢ = 50°.

At o¢ = 70° flow separation from the shroud upper surface persisted for all the configu-
rations with high shroud position. The shroud was lowered in steps to the position shown in
figure 29 before flow separation was eliminated at a reasonable Cj.

The static augmentation ratio decreased by about 0.20 at both flap deflections when the
shroud was lowered. The typical effect of shroud position on ¢ is illustrated in figure 30 for
&= 70° At 50° this effect contributed to changes in aerodynamic performance as discussed

4.3.2.3 Augmentor Intake Door Angle

The flow conditions which exist over the upper surface of the intake and shroud were
found to be sensitive to intake door angle, particularly at high flap deflection. Figure 35 pre-
sents lift and drag for two different intake door angles with the 0.27 ¢ augmentor at §¢ = 70°.
For high nozzle thrust coefficients the more open intake door setting resulted in better per-
formance; the opposite was true at low values of Cj. Sensitivity to intake door angle is partly
due to the sharp leading edge of the door, which requires that the stagnation point be very
close to the door leading edge to avoid flow separation. Although the static augmentation is
higher with the wider intake door opening, shroud flow separation at low values of Cj tends
to negate this advantage.

4.3.2.4 Flap Coanda Position

Static augmentation ratio is a strong function of the positioning of the flap with respect
to the nozzle flow. Figure 36 shows the variation in augmentation ratio of the 0.27 ¢ flap at
5f = 30%as a function of the nondimensional vertical positioning of the flap. These data indi-
cate that relatively small changes in the Z vertical distance have a large effect on augmenta-
tion ratio. The change in ¢ is reflected in the change in Cy, as shown in figure 18.

4.3.2.5 Augmentor Diffuser Angle

The static augmentation ratio is a function of the flap diffuser angle. If the diffuser
angle is made too large, flow separation occurs and ¢ decreases. This point is illustrated by
the data presented in figure 36 for the 0.27 ¢ flap at 8¢ = 30° Note that ¢ starts to decrease
after a diffuser angle of 5°%is reached. The effects of diffuser angle on ¢ and drag polars at q =
20 psf are shown in figure 37 for the NASA wing section with repositioned 50°flap. A 2°
reduction in diffuser angle resulted in 5% to 10% improvement in Cy.
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4.3.2.6 Wing Leading Edge Geometry

With a conventional flapped airfoil, a slotted leading edge flap generally produces higher
drag and maximum lift than a sealed one. Figures 38 and 39 present some results of the
effects of leading edge {lap geometry on the lift, drag, and pitching moment of the scaled
NASA augmentor flap at 8¢ = 30° The results showed the change in maximum lif't which can
be attributed to both the gcometry and the chord change. The change in drag is insignificant.

4.3.2.7 Wing Leading Edge Boundary Layer Control

The effects of leading edge blowing BLC on the lift, drag, and pitching moment of the
0.27 ¢ flap at & 30° 50° and 70°are shown in figures 40, 41, and 42, respectively. It is scen
that leading edge BLC significantly increased the maximum lift coeflicient, but had a signifi-
cant effect onlift only at low angles of attack at ¢ = 70°. The nose-down pitching moment
incrcased with leading edge blowing, particularly at &¢ = 70° Drag decreascd as a result of
added momentum from leading edge blowing. Figure 43 shows maximum lift coefficient and
thrust recovery, (ACy)const CI/C“LE* as a function of leading edge blowing momentum
cocfficient for 8= 30° 50° and 70° Maximum lift continued to increase as the leading edge
blowing was increased, but the blowing effectiveness diminished at Cup g > 0.10. The ratio
(ACx)const CI/C“LE’ indicative of the leading edge blowing thrust recovery, increased with
Cpyp g at 8¢ = 50%and 70° but at 8¢ = 30°a maxjmum cxists at Cyj g = 0.10. Thrust recovery
is generally less than 60%., which is comparable to values experienced by mechanical flapped
or plain jet flapped airfoils. Thus, the interaction of leading edge blowing with the augmentor
flap flow appears to be negligible.

4.4 MULTIELEMENT NOZZLE CONFIGURATION TEST RESULTS
4.4.1 Principal Results

The two multiclement nozzles tested were the circular tube nozzle and the rectangular
lobe nozzle. Flaps-off nozzle calibration data arc shown in figures 44 and 45. The peak veloc-
ity coefficient, Cy/, was 0.96 for the tube nozzle and 0.93 for the lobe nozzle. It had been
cxpected from static rig test results that the lobe nozzle Cy would be lower than that ol the
tube nozzle and that both multielement nozzles would have a lower Cy than the slot nozzle
(CV = 0.98).

Both multielement nozzles had been designed and manufactured to have a 30° nozzle
bend to preturn the flow. The actual flow turning angle for the tube nozzle was 31° (fig. 44),
which was essentially constant with nozzle pressure ratio (NPR). The flow turning angle for
the lobe nozzle was 32°at the low NPRs, but 30°at the high NPRs (fig. 45).

Taking into account the difference in nozzle exit arca, h x span, and nozzle velocity
coctficient, CV' the thrust versus NPR variations arc consistent between the tube and lobe
nozzles,




Initial testing of both the tube and lobe nozzle augmentors was done with the aug-
mentor flap installed at a deflection of 50° The static augmentation ratios achieved with both
nozzle configurations are given in figure 46. These ratios were attained with the intake door
set at the optimum forward speed position. There was little difference in the static augmen-
tation ratios of the two configurations. Figure 47 compares the lift, drag, and pitching
moment characteristics at q = 20 psf and Cj = 1.18. The lobe nozzle augmentor gave slightly
better performance than the tube nozzle augmentor. This is also seen at other nozzle blowing
rates, shown in figure 48.

The lobe nozzles were tested at flap angles of 30° 50°and 70° At the 70°flap angle, as
with previous slot nozzle configurations, it was necessary to make geometry changes to keep
the flow attached on the intake and shroud. The result of these changes was to: (1) move the
intake and shroud downstream relative to the flap (this is called the low shroud configura-
tion), and (2) partially seal the space between the flap and the aft wing fairing below the
nozzles, to increase the entrained flow around the intake and shroud (called the taped nozzle
configuration). These changes are shown in figure 49. The effects of shroud position and
nozzle taping will be discussed in sections 4.4.2.2 and 4.4.2.3.

The static augmentation ratio ¢ and force data at q = 20 psf, are shown in figures 50
through 52 for “optimized” configurations at op = 30° 50° and 70° The value of ¢ decreased
with increasing NPR, as in the case of the slot nozzle augmentor, but at a slower rate, Since
the flaps-off jet deflection was essentially independent of NPR, the loss of ¢ at high NPR was
probably associated with viscous and shock losses rather than flap position. As noted in sec-
tion 4.1.2, the nozzle areas were smaller than intended. To obtain the same Cj as in the case
of the slot nozzle on the scaled NASA section, the NPR must be raised. Aerodynamic data at
NPR = 2.8 are shown in figure 51. The corresponding ¢ was 1.32, 1.27, and 1.06 for ¢ of
30°, 50?, ar}d 70° respectively. The variation ofC]maX, Cly=-7°and (Cx)const Cp with Cj is
shown in figure 52.

4.4.2 Configuration Sensitivity Studies

Preliminary testing was accomplished at 6= 50°with both the lobe and tube nozzles to
select one configuration for more detailed studies. As reported in section 4.4.1, the lobe
nozzle was selected for further testing. The optimization process used considered both the
static and wind-on performance of the augmentor flap. Final configurations were selected on
the basis of the best combined static and forward speed characteristics.

4.4.2.1 Flap Intake Door Angle

Proper positioning of the intake door angle has a significant effect on augmentor flap
performance, both statically and at forward speed. Figure 53 shows the effect of removing
the intake of the lobe nozzle augmentor at & = 30° on the static augmentation ratio. The
variation of ¢ with nozzle pressure ratio is similar with or without intake, but the level of ¢
increased by 0.06 with the intake removed. Figure 54 presents the effect of intake and intake
door angle on the static augmentation ratio and aerodynamic lift and drag at NPR = 2.8 and
o= 30°for the lobe nozzle. For the range of intake door angles tested, improper door posi-
tioning is seen to have a significant effect on all of the parameters. The angle of -2°appears to
be close to the optimum. Compared to intake off, this intake door setting gave about 0.15
higher Cj and 3% less net thrust.
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4.4.2.2 Flap Shroud Position

The augmentor flap is sensitive to shroud flow separation at high flap deflections at for-
ward speed. Figure 55 shows the effect of lowering the shroud trailing edge with respect to
the flap trailing edge on the static augmentation ratio, lift, and drag for the lobe nozzle aug-
mentor at &¢ = 70° Lowering the shroud promotes flow attachment over the shroud and
results in a significant increase in lift and a decrease in drag, even though there is a sizeable
reduction in the static augmentation ratio. For the data shown, the shroud was lowered 20%
of the flap chord from its high position.

4.4.2.3 Nozzle Taping to Reduce Ventilation

The effect of reducing nozzie ventilation was investigated briefly when the lift level
achieved with the lobe nozzle augmentor fell short of that achieved with the scaled NASA
section. Ventilation was reduced by taping the gap between the lower row of tubes with tape,
as shown in figure 56. At §¢= 30° the effect of taping was to increasc C) slightly at a cost of
reducing thrust both at static and at forward speed conditions. At 8¢ = 70° taping resulted in
substantial improvements in both lift and drag. The data demeonstrating these effects at for-
ward speed are shown in figures 57 and 58. The effect of taping on static augmentation ratio
is shown in figure 59 for the “high shroud” configurations at & = 30°and 70°

Tuft obscrvations at &¢ = 30°showed that the flow separation over the nozzle boattail
upper surface was climinated by restricting ventilation from below. From this flow phenom-
e¢non, one wollld expect a drag reduction, Since taping restricted ventilation and reduced the
augmented thrust statically, the drag reduction was probably overshadowed by the reduction
in augmented thrust. It is felt that the coanda position and throat area should be reoptimized
when nozzle ventilation is restricted from below.

At b¢ = 70° although nozzle taping resulted in a loss of ¢, the performance at forward
speed was greatly improved by what can only be accounted for by a reduction in separated
flow. Similar effects of nozzle taping may be expected at 6¢ = 50° since shroud flow separa-
tion persisted up to a fairly high Cj.

4.5 COMPARISON OF MULTIELEMENT AND
SLOT NOZZLE AUGMENTOR FLAPS TEST RESULTS

The multilobe nozzle augmentor configuration has demonstrated a higher thrust aug-
mentation ratio and lower noise level than the slot nozzle augmentor during static rig tests. In
this section, the aerodynamic performance of the lobe nozzle augmentor will be compared
with that of the scaled NASA section. Typical force data shown in figures 27 and 51 for the
scaled NASA section and the lobe nozzle augmentor, respectively, are superimposed in figure
60. The lobe nozzle augmentor has slightly lower lift, similar streamwisc force at low lift, and
more drag at high lift, i.e., more sensitivity to angle of attack, than the slot nozzle augmentor,
Figure 61 shows a comparison of force data as a function of Ci' The lobe nozzle augmentor is
seen to have lower lift at nearly all (‘j’s than the slot nozzle augmentor, but Cy’s at the opera-
tional Cl (discussed in sec. 4.2) are quite comparable. For these comparisons, the lobe nozzle




was sealed with tape to restrict ventilation from below only at 8¢ = 70° Thus the large differ-
ence in lift level, Cj at a=-2° at ¢ = 50° would probably be greatly reduced if the lobe
nozzle were taped.

The differences in Cj,  are not critical to the augmentor wing STOL airplane being
studied because leading edge blowing will be incorporated for such a duct-volume-limited
wing design. Even without leading edge blowing, three-dimensional wind tunnel testing (ref.
1) has demonstrated ample stall margin during approach.

The static thrust augmentation ratios are compared in figure 62. At 8f = 30° the un-
taped lobe nozzle augmentor was better than the scaled NASA section, but the difference was
less than that shown by the results obtained on the static test rig (volume III). At &¢ = 70°,
the taped lobe nozzle augmentor had considerably higher ¢ than the scaled NASA section.
Part of this difference could be attributed to the difference in the required primary jet turn-
ing angle, which was much greater for the slot nozzle than for the lobe nozzle augmentor.

In view of the large effects of nozzle taping, which was only briefly explored, one would
expect the performance of the lobe nozzle augmentor to improve significantly with the
proper extent of taping and with augmentor flap geometry optimized with respect to the
taped nozzle configuration. On the basis of potential improvement and available comparative
data, it is concluded that the aerodynamic performance of the lobe nozzle augmentor is com-
parable to that of the slot nozzle augmentor and that further development of the former is
well worthwhile.

4.6 EFFECTS OF AIRSPEED VARIATION
4.6.1 Introduction

One of the principal advantages of the augmentor wing is its ability to augment the pri-
mary nozzle thrust. At static condition, a resultant force in excess of 1.4 times the primary
nozzle thrust has been measured in static tests during the present program. Whether or not
such thrust augmentation can be maintained at forward speed has a profound impact on the
takeoff performance of an augmentor wing airplane. As in the case of an ejector, the net
thrust is expected to decrease with increasing forward speed, primarily due to the inlet
momentum or ram drag and the external drag. It is also possible that the ejector efficiency
improves with forward speed. In addition, as for jet flaps, a high degree of the resultant force
is translated into the streamwise direction as a thrust recovery. Thus, the effect of forward
speed on the performance of an augmentor wing may be greater and more complex than that
associated with mere Reynolds number variation. To reduce the amount of wind tunnel test
data required to predict takeoff performance, a method is required to predict the aero-
dynamic performance over a range of forward speeds based on data obtained at one airspeed
condition.

The difficulty in evaluating experimentally the thrust augmentation characteristics at
forward speed arises from the fact that measured streamwise force represents the difference
between thrust and drag. The identification of thrust and drag relies upon various simplifying
assumptions. Previous experiments were performed with either three-dimensional (refs. 6 and
7) or quasi-two-dimensional models (ref. 8) which experienced large induced drag at high lift
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conditions. This introduced a large uncertainty in the data analysis. Also, data were not taken
specifically to answer the question of airspeed effects. Statements suggesting that the aug-
mented jet thrust is not affected by airspeed (ref. 6) were generally based on the evidence
that Cy variation with Cj and augmentor exit total pressure profiles arc rcasonably indepen-
dent of airspeed. A clear indication and explanation of the variation of streamwise force of an
augmentor wing with airspeed is lacking.

The present investigation has been conducted with a test setup that ensures a high
degrec of two-dimensionality. The plenum pressures for the various wall and end plate BLC
slots were a(’i;usted for each forward speed, first by matching the blowing momentum coeffi-
cient or (M ~/M°° ) and then tuning on the basis of flow visualization. The latter involves
fine adjustment of individual nozzle pressures to achieve uniform flow separation or reattach-
ment over the shroud upper surface when CJ is varied.

The approach taken to evaluate the thrust augmentation characteristics of an augmentor
wing as a function of forward speed is to use the forward speed characteristics of a plain jet
flap as a base. The plain jet flap is chosen because its characteristics are well understood and
considerable experience has accumulated in applying wind tunnel data to predict airplane
performance. The difference in the forward speed effects for the two configurations forms
the basis for modifying the established method used for jet flap airplanes so that it applies to
augmentor wing airplanes.

The data addressed to the airspeed effects were taken primarily on typical takeoff con-
figurations, i.e., 6¢= 30° These configurations include two augmentors of scaled NASA scc-
tion (F-65Y and F-65Z) and onc jet flap (F-65JF), all with slot nozzles, and another aug-
mentor with a multilobe nozzle. All these configurations have a 0.27 ¢ flap chord. The aug-
mentor (F-66M) with the lobe nozzle (untaped) is shown in figure 13. The F-65Y and F-65Z
augmentors used the same model parts but different spacing between the shroud and the flap
to give lp/hyof 7 and 11, respectively. The jet flap configuration, F-65JF, is F-65Y with the
shroud and intake removed and the flap gap sealed. The slot nozzle is the same one used for
all F-65 augmentor flaps, but the slot height has been increased slightly as a result of final
adjustment to achieve uniform slot height. The nozzle calibration curves shown in figure 63
are similar to those shown in figure 26.

The data runs were made by maintaining constant primary nozzle pressure ratio, wall
blowing rates, and airspeed while pitching the model through a range of « to adequately
define the polar shape, minimum drag (maximum thrust), and maximum lift. A summary of
data runs addressed to the airspeed effects is tabulated in table 1.

4.6.2 Results and Discussion

4.6.2.1 Static Performance
Figure 64 shows the variation of static thrust augmentation with NPR for auyncntors
F-65Y, F-65Z, and F-66M and plain jet flap F-65JF. For the jet flap there was a 5% thrust

loss which is nearly independent of NPR. Augmentation ratios for all the augmentors show
various degrees of dependence on NPR, and always decrease with increasing NPR. The lobe




TABLE 1.-SUMMARY OF PITCH RUNS FOR AIRSPEED EFFECT STUDY

Configuration 6f q, psf NPR (Nominal)
Plain jet flap (F65JF) 30° 6 1.2,1.6, 2.0, 23
with slot nozzle 12 1.6, 2.0, 2.3, 28
20 1.0, 1.6, 2.0, 2.3, 3.0, 3.5
30 1.6,2.0, 23,30
45 1.6, 2.0,2.3, 3.0,35
Scaled NASA section 30° As above As above
augmentor flap (Fesy 2t _ 7
with slot nozzle h
N
Scaled NASA section 30° As above As above
augmentor flap (F65Z—t= 11)
with slot nozzle h
Lobe nozzle 30° As above As above
augmentor flap (F66M)
NASA wing section 30° 10 2.0,3.0
baseline augmentor flap o 20 1.25,1.6, 2.0, 2.5, 3.0, 3.5
(F62) with slot nozzle 40 10 1.6, 2.0, 25, 3.0, 3.5
20 1.0, 2.0,2.5,3.0,3.5
a50° 10 1.6, 2.0, 2.5, 3.0
20 2.0,25,3.0,35
30° 5 25
Scaled NASA section 10 25
augmentor flap (Fgg) 20 1.0,1.6,2.0,2.5,3.0,35
with slot nozzle 40 25
50° 5 25
10 2.5
15 25
20 1.0, 1.6, 2.0, 2.5, 3.0, 3.6
30 25
40 25

aRepositioned
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nozzle augmentor showed the least dropoff in augmentation ratio with increasing NPR. At
NPR = 2.5, it achieved an augmentation ratio of 1.33 compared to values of 1.265 and 1.235
for the F-65Y and F-657 augmentors, respectively.

The entrainment characteristics of the augmentors are compared in figure 65. The secon-
dary weight flow, wg, ., was computed on the basis of the measured resultant force and the
augmentor exit velocity profile shape, which is characterized by a skew factor, ¢. For a rec-
tangular profile, £ is unity. It becomes less than one for any nonuniform velocity profile. The
values of ¢ are about 0.986 for the lobe nozzle augmentor, and 0.963 and 0.914 for the
F-65Y and F-65Z slot nozzle augmentors, respectively. A comparison of exit total pressure
profiles of the three augmentor configurations at forward speed is shown in figure 66. The
profilc for F-65Z showed a possibility of flow separation from the shroud lower surface,
which explains its lower augmentation ratio while entraining more air than F-65Y. The rela-
tionship between the skew factor and the augmentation ratio is in full agreement with simpli-
ficd ejector theory, which shows that the thrust augmentation improves with the uniformity
of the exit velocity (ref. 9).

The entrainment ratio, Wsec/vi/ ri» attained with the lobe nozzle augmentor was about
0.6 greater than that of the slot nozzle augmentor; however, it was still significantly less than
the theoretical value, as shown in figure 65. F-65Y represents a ncar-optimum configuration
for this augmentor flap with slot nozzle. The entrainment ratio is about 0.4 less than the
theoretical value. (The theoretical value is computed by a method similar to that described in
reference 10.)

4.6.2.2 Aerodynamic Performance Comparison

The maximum lift, lift level (a=-2°), pitching moment, and streamwise force coefficients
at Cy = 3.5 are compared in figure 67 for the augmentors F-65Y and F-65Z, and the jet flap,
all with slot nozzles at q = 20 psf. Both augmentors gave higher Cj, . nose-down pitching
moment, and net thrust than the jet flap at a given Cj. However, at Cj less than about 0.6, the
augmentors generally gave lower lift and higher drag than the jet flap (sec also fig. 68)
because of incipient flow separation from the shroud upper surface. The differences in attach-
ment Cj are apparent from the Clo™ -2° curves in figure 67. The fairing of these curves at low
G follows similar curves in figure 68 where the force data at a = 2°taken at all airspeeds are
mdudgd Both C; and Cy for the jet flap and C, for the augmentors correlate well with C
However, the variation of Cx with C for the augmentors appears also to depend on alrspwd

At flap deflections greater than 30° a limited amount of data taken with the NASA
wing section at q = 10 and 20 psf (fig. 69) showed that even C, variation with C became
increasingly dependent on airspeed as flap deflection increased.

From figures 67 and 68 it is also apparent that the augmentor with better static thrust
augmentation also performed better at forward speed. The augmentor F-65Y had lower drag
and nosc-down pitching moment at a given C, and lower attachment Cj than F-657.

The acrodynamic performance of the lobe nozzle augmentor flap is compared with that
of the slot nozzle augmentor flap in section 4.5.



4.6.2.3 Effect of Airspeed on Drag Polars

Figure 70 shows drag polars at Cj = 0.8 for augmentors and jet flap with slot nozzle.
Each polar was interpolated from data taken at a fixed airspeed. For the jet flap, polars at
various airspeeds lie within a Cy band of 0.02. This is about the size of the experimental
uncertainty interval. For the two augmentors, the bandwidths are about 0.05 if the q = 45
polars are excluded. The variation of Cy with airspeed at a fixed Cj is shown in figure 71. For
the jet flap, Cy at a fixed C| is essentially independent of airspeed. For the augmentors, a
minimum generally occurs between a q of 10 and 15 psf.

To explain the variation of Cy with airspeed at constant Cj, a drag equation is proposed:

CX = —¢CJ + 2Cq + F(Cl’Cj) + CDI

where
. )
2w Cy <
A - sec R
€0 gV Srer ™ CDi T TAR + kG

are the ram drag and the vortex drag of a three-dimensional jet flapped wing, respectively.
The drag polars of the augmentor flap F-65Y were found to be sensibly approximated by
parabolas vy)ith values of acX/aclz varying from 0.003 to 0.004. Such low values of

0 Cx/a C -~ indicate that the effective aspect ratio was very high and two-dimensional condi-
tions were indeed closely approached. Therefore, CDi may be neglected.

Both ¢ and Wsec in the drag equation are based on static test data. The function F(C[.Cy)
represents all the viscous effects at forward speed including thrust recovery, mixing of the je%
with the external stream, and external drag of the augmentor shroud. This function also
accounts for changes in ejector characteristics, i.e., A¢ and A‘;Vsec’ with airspeed. In the
absence of flow separation over an “optimized” augmentor configuration, the value of
F(Cl,Cj) is expected to be smaller than ¢Cj or 2Cq. At Cj = 0.8, the values of NPR, ¢Cj and
2Cq are tabulated below.

q(pst) 6 12 20 30 45
F-65Y ¢C; 1.082 1.072 1.049 1.007 0.933
2 0.29 0262 0.252  0.245 0.222
NP 1.25 1.55 1.99 2.57 3.45
F-65Z ¢C; 1.057 1.020 1.000 0.985 0.900
2Cq 0.302 0.275 0.270  0.263 0.23
NPR 1.25 1.55 1.99 2.57 3.45
F-66M ¢C; 1.076 1.073 1.069 1.052 1.000
2Cq 0.337 0.302 0.292  0.287 0.262
NPR 1.33 1.68 2.20 2.82 3.83
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At a constant C;, NPR increases with airspeed, so that ¢ and entrainment ratio are both
decreasing. Note that the values of ¢C;j or 2Cq in all cases varied monotonically with the
dynamic pressure, whereas curves of C Vs q(}or the augmentors (in fig. 71) showed a mini-
mum. The combination of 2C (1>CJ (except for F-65Z7) also has a minimum value. The lines
representing 2Cq -¢Cj for the two slot nozzle augmentors are compared in figure 72 with the
Cx vs q curves of figure 71. The spacing between the two lines of-¢Cj + 2Cq and the shape of
these lines agreed reasonably well with the experimental data except for F-65Z at high q
values. The CX levels of these lines indicate that F(Cl,Cj) must increase with Cl, starting from
a negative value to a positive value. It also appears that F(Cl,Cj) is approximately indcpendent
of airspeed, which suggests that polars at various airspeeds may be generated from test data at
static and at one forward-speed condition. This tentative conclusion is probably invalid when
the ejector characteristics change markedly with airspeed as in the case of a “nonoptimum™
configuration.

For the lobe nozzle augmentor, the effect of airspeed on the drag polar is similar to that
of the slot nozzle augmentors. The variation of Cy with q for F-65Y is compared with that of
F-66M in figure 73. Also shown is a comparison of 2Cq -¢Cj for the two configurations. For
F-66M the correlation between 2Cq - ¢C;j with the experimental data is satisfactory, although
not as good as for F-65Y.

The rate of change of Cy with C; at a constant C; is sometimes used to evaluate the
thrust recovery characteristics or thrust effectiveness (defined in sec. 1.3.1) of propulsive
wings such as the jet flap. The variation of Cy with Cj is usually linear in the jet flap regime
where flow separation is absent. The present data permit plotting Cy vs Cj at constant Cjin
two ways: by keeping q constant and by maintaining constant thrust or NPR. The slope,
0C /aC obtained in either way is differentiated by a subscript indicating the quantity
held (,onstant The slopes (9 CX/BC W, and (aCX/aCJ)NpR at C| = 3 are shown in figure
74 for the augmentors and the jet flap. The accuracy in determining the slope is usually not
better than £0.01; therefore, bands rather than lines are shown in the figure. In general, the
slope is not noticcably affected by the lift coefficient. The lobe nozzle augmentor has the
best thrust effectiveness, i.e., the greatest values of 9Cy/0 C The jet flap has the lowest
value—[3 Cy /9 Gjl v, |a cx/a Cilnpr =0.915. The slope| ac x/ 3Cjly,, of the augmen-
tors dlmmlg%es with Increasing airspeed; only its value at q = 8 to 10 psf matches the value of

| 9Cx/3 Cilpg:

4.6.2.4 Airspeed Effects at Constant NPR

During takeoff, the NPR remains essentially constant while airspeed increases. Figure 75
shows the airspeed effects on lift and drag at & =-2°and NPR = 2.0 and 2.3. The forces are
divided by the primary nozzle thrust, which remains constant for a given NPR. Thus, the ver-
tical scales represent forces experienced by the wing. The difference in lift between the slot
nozzle augmentors and the jet flap becomes apparent as airspeed increases. This is due to the
effect of Cj on C; discussed in section 4.6.2.2. The difference in lift vanishes at NPR above
2.5. To eliminate the influence of lift, the data are replotted for constant Cj(3and5) at
NPR = 2.3 in figure 76. The drag variation and the differences between the configurations are
similar at either constant aor constant G}




Compared to the jet flap, the more rapid rate of drag increase with airspeed can be attri-
buted largely to ram drag which is manifested in the pressure distribution of an ejector and,
therefore, included in the profile drag of the augmentor flap system. Qualitative evidence is
provided by an examination of the static pressure distributions and flap trailing edge total
pressure profiles.

The streamwise force on the model is composed of the jet reaction and the external
pressure and skin friction forces. The change of streamwise force with q at a fixed NPR is due
primarily to a change in external pressure force. The rate of change in pressure forces acting
on the wing and the flap with airspeed depcnds mainly on the general flow field around the
model, which should be similar for the jet flap and for the augmentor as long aso, Cj, C;, and
8¢ are reasonably well matched. Available static pressure data are insufficient for a quantita-
tive analysis. The static pressure distributions over the F-65Y augmentor flap, shroud, and
intake for a=-2° NPR = 2.0 and various q values are presented in figure 77. The static pres-
sure (in psig) is plotted against the distance normal to the wing chord plane so that the areas
under the curves represent streamwise forces (except for a small o correction). The dashed
lines in the figure denote the aft-facing surfaces. The plots show that the flap experienced a
drag force which increased with q due to the increased pressure on its lower surface. The
shroud experienced a thrust which diminshed with q because of the increased suction on its
upper surface. The intake experienced a thrust at static condition, which changed to drag at
the lowest q tested (6 psf). and this drag increased rapidly with q. These changes in pressure
drag are primarily due to the relationship between the relatively constant internal flow field
(between flap and shroud) and the g-induced changes in the external flow field. The force
commonly referred to as ram drag is imposed on the airframe through these pressure changes.

Total pressure profiles at the augmentor exit measured on the static test stand have
shown large spanwise variation, i.e., integrated momentum flux varied £20%. Therefore, the
single total pressure rake located at 1/4 span in the present test cannot provide data for quan-
titative anlaysis. But interesting trends, demonstrating qualitatively the airspeed effects on jet
mixing, have been observed. Figures 78 and 79 show the jet total and static pressure profiles
at the trailing edges of the augmentor F-65Y and the jet flap, respectively, for NPR = 2.0, a =
-2° and q values varying from O to 45 psf. For the augmentor, the total pressure profile was
nearly triangular with the peak well centered between the flap and the shroud at static con-
dition. With increasing q, the peak shifted slightly toward the flap but the shape and the peak
value were little affected. For the jet flap, typical wall jet profiles were formed with the peak
located about 0.07 in. from the flap surface. With increasing q, the peak location was un-
changed but the peak pressure increased faster than the freestream total pressure. The con-
sistency of these trends is illustrated in figure 80 by plots of maximum total pressure versus q
at NPR = 1.6, 2.0, and 2.3 for both slot nozzle augmentors F-65Y and F-65Z and the jet flap
at a=-2°

The total pressure data suggest a fundamental difference in the effects of forward speed
for the jet flap and for the augmentor flap. For the jet flap, the jet is exposed at forward
speed to the high local velocity at the flap knee or near the nozzle exit due to increased circu-
lation. Thus, the jet peak velocity decay rate is reduced at forward speed. For an “optimized”
augmentor, the mixing and entrainment of the jet must adjust to the exit pressure field sub-
ject to the constraint of duct geometry. Since the exit pressure varies only slightly with forward
speed, the entrained mass flow and consequently the velocity of the jet external stream or
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ejector secondary flow must remain relatively constant. The change in secondary stream
(including main wing boundary layer) total pressure is less than 0.5% of the jet total pressure
for the conditions of interest. These considerations lead to the conclusion that the effect of
airspeed on the ejector internal flow is small. The supervelocity due to increased circulation
must occur mainly over the wing, the intake, and the shroud.

Exit total pressure profiles for the lobe nozzle augmentor (F-66M) at several airspeeds
are presented in figure 81. The effect of airspeed on the exit flow is similar for either lobe or
slot nozzle augmentors.




5.0 CONCLUSIONS AND RECOMMENDATIONS

Extensive two-dimensional wind tunnel testing of four augmentor flap configurations
was carried out at the 3- by 8-ft Boeing low-speed research tunnel. Analysis of the test results
led to the following conclusions:

For low and moderate flap deflections (30° < o< 50°), augmentor flap configura-
tions which have the best static performance generally have the best forward speed
characteristics. However, at high flap deflections augmentor flap configurations
which produce the best static performance do not usually produce the best forward
speed characteristics.

Proper positioning of the augmentor flap with respect to the primary nozzle jet
path is extremely important for achieving good overall performance.

Sectional aerodynamic characteristics of the NASA phase VI swept augmentor
wing were probably superior at ¢ less than 50°and inferior at b¢ greater than 50°
to those of the scaled-down NASA section.

The aerodynamic characteristics of the multilobe and the multitube nozzle aug-
mentors are similar at §¢= 50°

Lift and drag levels achieved with the multielement lobe nozzle configuration com-
pare favorably with those obtained with the slot nozzle configuration. It was neces-
sary to restrict the lower surface flow through the multielement nozzle to achieve
comparable levels at high flap deflections.

Upper surface flow separation on augmentor flap shrouds at forward speed for §¢ =
70°can be avoided only by lowering the shroud with respect to the flap.

Both leading edge geometry and leading edge boundary layer control primarily
affect maximum lift for an augmentor flap. The interaction between leading edge
blowing and the augmentor flap flow field appears to be negligible.

Variations of Cj and Cy with Cj are essentially independent of airspeed and nozzle
pressure ratio for the plain jet flap at §¢ = 30°

For the augmentor flap, variation of C; with Cj is generally independent of airspeed
and nozzle pressure ratio at takeoff flap setting of 30° at higher flap angles this is
no longer the case.

For the augmentor flap at §¢ = 30° variation of Cx with Cj is influenced by the
airspeed and the nozzle pressure ratio. Based on the static thrust augmentation and
ram drag computed from entrained secondary air, the airspeed effects on the
streamwise force can be approximated.
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e For the jet flap, the mixing of the primary jet with the air stream was significantly
influenced by the airspeed, whereas for the augmentors, the mixing process is quite
independent of airspeed for both lobe and slot nozzles.

An important discovery is the large favorable effect of reducing multilobe nozzle ventila-
tion from below. This effect has not been explored in depth. The results indicate that the per-
formance of the multilobe augmentor flap could be improved by finding the best nozzle ven-
tilation arrangement and optimizing the flap geometry with respect to it. Since restricting
nozzle ventilation from below could also have an effect on noise, further study is recom-
mended to seek the best compromise between aerodynamic and acoustic performance.

Two-dimensional wind tunnel testing has proven to be an efficient way to develop com-
plex powered high-lift configurations. Because of the complexity of multielement nozzle aug-
mentor flap configurations, only a limited number and range of configuration variables have
been investigated. In view of the encouraging results obtained in this study, continued devel-
opment of such a powered lift concept appears warranted.

The Boeing Company
P.O. Box 3707
Seattle, Washington 98124, June 5, 1972
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FIGURE 12.—-SLOT NOZZLE CONFIGURATIONS TESTED
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